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(57) A method of compressing digital representa- 
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a higher quality scale contains only data incremental to 
the data in an adjacent lower quality scale. The data in 
each quality scale is transformed, quantized, and entro- 
py encoded. A discrete wavelet cosine transformation 
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Description 

RELATED APPLICATION 

s [0001] This application is a continuation-in-part of U.S. application serial No. 09/792,668, filed February 21 , 2001 . 
FIELD OF THE INVENTION 

[0002] This invention relates generally to compression of digital images and in particular to methods of digital image 
10 compression that store or transmit compressed image data in multiple quality scales in a progressive manner. 

BACKGROUND 

[0003] Digital storage and display of high quality color images has become ubiquitous. In order to overcome massive 
'5 storage requirements and reduce transmission time and cost of high quality digital images, data compression methods 
have been developed. In particular, the method known as JPEG and the recent update known as JPEG2000 have 
become industry standards. Data compression generally involves a tradeoff between data size and reconstructed image 
quality. When reconstructed images differ from the original image, the data compression method is said to be "lossy," 
[0004] As is well known, in the basic JPEG method, an image is transformed into a luminance/chrominance color 
20 representation conventionally denoted as YUV or YCbCr, where Y is a primary color or luminance component and U 
and V or Cb and Cr are secondary color components, The number of secondary components stored is reduced by 
averaging together groups of pixels. The pixel values for each component are grouped into blocks and each block is 
transformed by a discrete cosine transform (OCT). In each block, the resulting DCT coefficients are quantized, that is 
divided by a predetermined quantization coefficient and rounded to integers. The quantized coefficients are encoded 
25 based on conditional probability by Huffman or arithmetic coding algorithms known in the art. A normal interchange 
JPEG file includes the compression parameters, including the quantization tables and encoding tables, in the file head- 
ers so a decompressor program can reverse the process. 

[0005] Optional extensions to the minimum JPEG method include a progressive mode intended to support real time 
transmission of images. In the progressive mode, the DCT coefficients may be sent piecemeal in multiple scans of the 
30 image. With each scan, a decoder can produce a higher quality rendition of the image. However, in most implemen- 
tations, the same number of pixels is used at each level of quality. 

[0006] Despite the widespread implementation of the JPEG and JPEG2000 methods, each method has its own 
drawbacks. The major problems in JPEG compression include a moderate compression ratio, a block effect, and poor 
progressive image quality. A major step used in JPEG to achieve reasonable data compression is to quantize the DCT 
35 coefficients. However, light quantization leads to a low compression ratio while heavy quantization leads to block effects 
in which block boundaries can be seen in reconstructed images. Using the JPEG method, image quality does not 
degrade gracefully with compression ratio. Therefore, a progressively decoded JPEG image is not pleasing to the 
viewer until the last scan of the image is decoded. 

[0007] JPEG2000 is designed to overcome some of the drawbacks of JPEG. JPEG2000 uses a wavelet transform 
■*o that degrades more gracefully as the compression ratio increases. However, JPEG2000 comes with a price of increased 
computational complexity. The progression methods employed in JPEG2000 require excessive computational power 
for both encoding and decoding. While the wavelet transform in JPEG2000 improves quality degradation with respect 
to compression ratio, it does not improve data compaction intrinsically, such that the compression ratio is about the 
same as that of JPEG when high quality is required. Further, the context prediction method used for arithmetic coding 
45 in JPEG2000 does not take advantage of the fact the colors of objects in a picture are highly correlated. 

[0008] Therefore, there remain opportunities to improve existing technologies for image compression. It would be 
desirable to provide a better transform that has fast implementations and makes data more compact. A more efficient 
and better quality progression method is also desired. Finally, there is an opportunity to utilize color correlation in 
context prediction and to provide a compression method for color spaces other than the YUV space. 

SUMMARY 

[0009] A method of compressing digital representations of images provides the ability to store the images in multiple 
subsampling quality scales in a progressive manner such that a higher quality scale contains only data incremental to 
55 the data in an adjacent lower quality scale. The method can be implemented in software, in dedicated hardware, or in 
a combination of software and hardware. 

[0010] The method is primarily applied to three-color images represented in terms of a primary color component and 
secondary color components, associated with pixels forming a two-dimensional array. Multiple color spaces, for ex- 
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ample, the RGB space or the YUV luminance/chrominance color space can be treated. According to the method, first 
an image is represented in a sequence of quality scales of progressively decreasing quality, In the sequence, a lower 
quality scale is formed from a higher quality scale by decreasing the number of stored color components or by de- 
creasing the number of pixels of some or all of the color components. 

s [0011] In one useful scale sequence, forthe first, that is the highest, quality scale, all color components are present 
for each pixel. At the second quality scale, the primary color component and one secondary color component are 
present for each pixel. At the third quality scale, a primary color component is present at each pixel and twice as many 
primary color components as secondary color components are present. The sequence also includes fourth, fifth, and 
sixth quality scales derived from the first, second, and third quality scales, respectively, by reducing the number of 

10 pixels by a downscaling process. Downscaling processes such as decimation scaling, bilinear scaling, or bicubic scaling 
may be used. 

[001 2] A second useful scale sequence of quality scales includes the first, second, and third scales described above 
together with a fourth quality scale in which one color component is present at each pixel location and twice as many 
primary components as secondary components are present. The latter scale is known as the Bayer pattern, 

15 [001 3] Each representation at a higher quality scale is represented in terms of a differential with respect to the image 
at the adjacent lower quality scale. Each differential image contains only data incremental to the corresponding lower 
quality scale. The differential images are determined from reconstructed images at the adjacent lower quality scale 
which avoids accumulation of error. The original representation is thus transformed into the representation at the lowest 
quality scale plus the differential images. 

20 [001 4] As part of the process of representing the image as differentials, the base quality scale image and the differ- 
ential images are transformed into a set of coefficients associated with known functions. In typical implementations, 
the lowest quality scale representation and the differential images are each divided into blocks before the transform 
stage. In conventional JPEG methods, a discrete cosine transformation is used. According to an aspect of the present 
invention, a transformation termed the discrete wavelet cosine transformation (DWCT) which combines the frequency 

25 transformation features of a discrete cosine transformation and the spatial transformation, multi-resolution features of 
the Haar wavelet transformation may be used. The DWCT is defined recursively from a discrete cosine transform and 
a permutation function whereby output elements of the transform are separated into a first portion and a second portion, 
the first portion containing lower scales of representation of input to the transform. The DWCT transformation is both 
faster than conventional wavelet transformations and provides a better compaction of coefficient values than previously 

30 used transformations. The DWCT coefficients are quantized by dividing by values specified in quantization tables and 
rounding to integers. 

[0015] Quantized coefficients corresponding to the base quality scale and the differential images are compressed 
by a lossless ordered statistics encoding process. The ordered statistics encoding process includes the stages of 
context prediction, orderingthetwo-dimensional array into a one-dimensional array, and arithmetic encoding. According 

35 to another aspect of the invention, the process of context prediction, that is predicting the value of each coefficient 
from the values of coefficients at neighboring pixels, predicts each color component separately. For the primary color 
component, the context for a given pixel comprises a positional index and neighboring coefficients of primary color 
pixels. For a first secondary color, the context comprises a positional index, coefficients of neighboring first secondary 
color components, and the coefficient of the corresponding primary color component of the same positional index. For 

40 a second secondary color component, the context comprises a positional index, neighboring second secondary color 
coefficients, and the coefficients of the corresponding primary and first secondary color components of the same po- 
sitional index. In the present context prediction method, the coefficients are divided into four groups based on position 
in the array and the position of neighboring coefficients used for context prediction differs for each group. 
[0016] According to yet another aspect of the present invention, an ordering process defined here as the quad-tree 

45 ordering method is used to maximize data correlation, In the quad-tree ordering method, the two-dimensional array of 
coefficients is partitioned into four equally sized regions ordered as upper left, upper right, lower left, and lower right. 
Each region is repeatedly partitioned into four equally sized subregions ordered as upper left, upper right, lower left, 
and lower right until a subregion of one pixel by one pixel in size is obtained. Ordering can be done before quantization 
or context prediction as long as the mapping is preserved for all relevant data such as coefficients, quantization tables, 

50 and contexts. The context-predicted, ordered coefficient values are then encoded using a lossless encoding method, 
for example an arithmetic encoding method. 

[0017] The present compression process produces a bitstream that can be efficiently stored or transmitted over a 
computer network. A decompression process essentially reverses the process and thus enables the image to be re- 
constructed. An image compressed according to the present process can be progressively viewed or downloaded by 
ss transmission over a computer network or the Internet. Further, a browser can display an image at a specified quality 
scale, ignoring any data corresponding to quality scales higher than the specified scale. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0018] 

5 Fig. 1 is a flow diagram of a process of compressing digital still images according to embodiments of the present 

invention. 

Fig. 2 is a flow diagram of a process of decompressing bitstream data into digital images according to embodiments 
of the present invention. 

10 

Fig. 3 illustrates groups 0 to 3 used for context prediction according to an embodiment of the present invention. 
DETAILED DESCRIPTION 

15 [001 9] Methods of compressing digital representations of images according to embodiments of the present invention 
represent the images in multiple subsampling quality scales in a progressive manner that avoids accumulation of error. 
In this application, the methods are discussed with reference to still images. However, since each image in any kind 
of video sequence can be treated as a still image, the present methods are also applicable to video images. The images 
treated by the present methods are primarily three-color images represented in terms of a primary color component 

20 (denoted by P) and secondary color components (denoted by S and Q.) associated with pixels forming a two-dimen- 
sional array. However, the methods can be extended to single-color or multi-color images, as well. The P, S, and Q 
components correspond, for example, to the G, R, and B components, respectively, in the RGB color space and to the 
Y, U, and V components, respectively in the YUV luminance/chrominance color space, Typically, then, the input to the 
data compression methods is a two-dimensional array of pixels each having three color components, and the output 

25 is a one-dimensional bitstream of compressed data. 

[0020] The methods can be implemented in software running on a general purpose computer processing unit (CPU) 
or a digital signal processor (DSP), in hardware, for example a VLSI chip, or in a combination of hardware and software. 
When the methods are implemented in software, the computer instructions for carrying out the methods may be stored 
in a memory associated with the CPU or DSP. Thus, the term apparatus, as used here, refers to a dedicated hardware 

30 apparatus with pre-programmed instructions, general purpose computer and associated memory with stored instruc- 
tions, or any combination of dedicated hardware and computers executing instructions. A compressed image may be 
stored on a memory for later retrieval and display on a monitor or may be transmitted over an internal network or an 
external network such as the Internet. 

[0021] An overview of the present methods of compressing digital representations of images is given in the flow 
35 diagram of Fig. 1 . In the subsampling stage, 110, an original image is decomposed into multiple quality scales from a 
highest quality scale, which is termed the Compression Quality Scale (COS) to a lowest, or base, quality scale, termed 
the Subsampling Quality Scale (SQS). The image data at the base quality scale, SQS, is output first, followed by the 
next scale, and so forth until the data at the CQS is output. 

[0022] The differentiation stage, 1 20, represents the subsampled images in a differential form such that each differ- 
40 ential image contains only data additional to the image at a lower quality scale. The differentiation stage, which includes 
stages 125 to 170, determines the difference between a subsampled image and a reference image scaled up from a 
reconstructed image subsampled at the adjacent lower quality scale. As described in detail below, the reconstructed 
image is formed by treating a subsampled image by a lossy transformation, consisting here of a transform stage 130 
and a quantize stage 140 and then reconstructing the image by a dequantize stage 150, which is the inverse of stage 
"5 1 40, and an inverse transform stage 1 60. The output of the differentiation stage 1 20 is the quantized base quality scale 
and the quantized differential images. 

[0023] The quantized base image and differential images are converted to a bitstream of compressed data by a 
lossless ordered statistics encoding process. The ordered statistics encoding process includes a context prediction 
stage 185, an ordering stage 190, in which the two-dimensional array referenced to pixels is converted to a one- 

50 dimensional array, and a lossless entropy encoding stage 1 95, such as arithmetic encoding. A decompression method 
essentially reverses the compression process as shown in Fig. 2 and discussed in detail below. 
[0024] In one embodiment, a total of seven subsampling scales are defined for use at subsampling stage 110, al- 
though different subsampling sequences can be defined similarly, The seven subsampling scales are enumerated from 
0 to 6, with 0 representing the highest quality scale, and 6 the lowest quality scale. Each scale number indicates a 

55 particular way of subsampling the image data 

[0025] In scale 0, denoted 4:4:4, the original image is not subsampled at all. All P, S, and Q components are kept at 
all pixel positions, as shown in Table 1 . 
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Table 1: 



Scale 0: 4:4:4 Subsampling 


(P.S.Q) 


(P,S,Q) 


(P.S.Q) 


(P.S.Q) 


(P.S.Q) 


(P,S,Q) 


(P.S.Q) 


(P.S.Q) 


(P,S,Q) 


(P,S,Q) 


(P,S,Q) 


(P.S.Q) 


(P,S,Q) 


(P,S,Q) 


(P,S,Q) 


(P.S.Q) 



[0026] In scale 1 , denoted 4:2:2, the primary component P is not subsampled at all; only S and Q components are 
subsampled. There are six modes of subsampling in this scale, as shown in Tables 2 -7 below. 

Table 2: 



Scale 1: 4:2:2 Subsampling Mode 1 


(P,S.x) 


(P,x,Q) 


(P,S.x) 


(P,x,Q) 


(P.S.x) 


(P,x,Q) 


(P.S.X) 


(P,x,Q) 


(P.S.x) 


(P,x,Q) 


(P.S.X) 


(P,x.Q) 


(P,S.x) 


(P.x.Q) 


(P.S.x) 


(P,x.Q) 



[0027] Mode I of the 4:2:2 subsampling method is the same as the subsampling scheme used in the TV industry and 
as the MPEG2 Standard for transmitting moving images. In the tables, an "x" indicates a missing component. In the 
second mode, shown in Table 3, the S and Q components are diagonally aligned so that the spacing is uniform along 
horizontal and vertical directions for S and Q components. Mode 2 is a preferred subsampling mode for scale 1 . 

Table 3: 



Scale 1 :4:2:2 Subsampling Mode 2 



(P.S.X) 


(P.x,Q) 


(P.S.X) 


(P.x.Q) 


(P,x,Q) 


(P,S.x) 


(P.X.Q) 


(P,S,x) 


(P,S,x) 


(P.X.Q) 


(P,S,x) 


(P,x.Q) 


(P.x.Q) 


(P.S.X) 


(P,x,Q) 


(P.S.X) 



[0028] The third mode is a trivial variation of Mode 2 with the positions of S and Q interchanged, as shown in Table 4. 
Table 4: 



Scale 1 :4:2:2 Subsampling Mode 3 


(P.X.Q) 


(P,S.x) 


(P.x.Q) 


(P,S,x) 


(P,S,x) 


(P,x,Q) 


(P.S.X) 


(P,x.Q) 


(P.x.Q) 


(P,S,x) 


(P.X.Q) 


(P.S.X) 


(P,S,x) 


(P.x.Q) 


(P.S.x) 


(P,x,Q) 



[0029] The fourth mode is a transposed mode of Mode 1 , with spacing favoring the horizontal direction. 

Table 5: 



Scale 1 :4:2:2 Subsampling Mode 4 



(P,S,x) 


(P,S,x) 


(P.S.x) 


(P.S.X) 


(P.x,Q) 


(P,x,Q) 


(P.x.Q) 


(P,x,Q) 


(P.S.x) 


(P,S.x) 


(P.S.x) 


(P.S,x) 


(P.x.Q) 


(P.x,Q) 


(P.x.Q) 


(P,x,Q) 
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[0030] The fifth and sixth modes are trivial variations of Mode 1 and 4, with the positions of S and Q interchanged. 
Table 6: 



Scale 1 : 4:2:2 Subsampling Mode 5 


(P.x,Q) 


(P,S,x) 


(P,x,Q) 


(P,S,x) 


(P,x.Q) 


(P,S,x) 


(P,x,Q) 


(P.S.x) 


(P,x,Q) 


(P,S,x) 


(Rx.Q) 


(P,S,x) 


(P,x,Q) 


(P,S,x) 


(P,x,Q) 


(P.S,x) 


Table 7: 


Scale 1 : 4:2:2 Subsampling Mode 6 


(P.x.Q) 


(P,x,Q) 


(P,x,Q) 


(P,x,Q) 


(RS,x) 


(P,S,x) 


(P,S,x) 


(P,S,x) 


(P,x,Q) 


(P,x,Q) 


(P,x,Q) 


(P.x.Q) 


(P,S,x) 


(P,S,x) 


(P,S,x) 


(P.x.Q) 



[0031] In scale 2, denoted 4:2:0, the primary component P is also not subsampled at all; only S and Q components 
are subsampled. There are many modes of subsampling in this scale, by locating S and Q in different positions. The 
five most useful modes are the following. 



Table 8: Scale 2: 4:2:0 Subsampling Mode 1 



p 


. . j . 


p 


p 


. . j . 


P 


p 


<s;<? 


p 


p 




P 


p 




p 


p 




P 


p 


<s;p 


p 


p 


-<s.c> 


P 



[0032] The first mode is similar to the YUV 4:2:0 chroma format used in MPEG2 and JPEG standards. In this mode, 
every four pixels of P share a pair of S and Q components, located at the center of the four P pixels, In the second 
mode, the S and Q components are not co-sited. Rather, they are aligned diagonally and co-sited with a different P 
pixel, as shown in Table 9. 



Table 9: 



Scale 2: 4:2:0 Subsampling Mode 2 


(P,S) 


p 


(P.S) 


p 


P 


(P.Q) 


p 


(P.Q) 


(P.S) 


p 


(P.S) 


p 


P 


(P,Q) 


p 


(P.Q) 



[0033] The other three modes are just variations of Mode 2, with S and Q distributed over different locations, as 
shown in Tables 10-12. 

Table 10: 
Scale 2: 4:2:0 Subsampling Mode 3 
~ (P.Q) I P [ (P.Q) | P 
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Table 10: (continued) 





Scale 2: 4:2:0 Subsampling Mode 3 




P 


(P.S) 


p 


(P.S) 


5 


(P.Q) 


p 


(P.Q) 


p 




P 


(P,S) 


P 


(P.S) 



Scale 2: 4:2:0 Subsampling Mode 4 


P 


(P.Q) 


p 


(P.Q) 


(P.S) 


P 


(P.S) 


p 


P 


(RQ) 


p 


(P.Q) 


(P.S) 


P 


(P.S) 


P 


Table 12: 


Scale 2: 4:2:0 Subsampling Mode 5 


P 


(P.S) 


p 


(P.S) 


(P.Q) 


p 


(P.Q) 


p 


P 


(P.S) 


p 


(P.S) 


(P.Q) 


p 


(P.Q) 


P 



[0034] Scale 3 is the Bayer Pattern which is often used as a sampling pattern in imaging sensor technology. In scale 
3 there are four modes, each defining a particular structure of color components. In the first mode, shown in Table 13, 
only one color component is preserved as each pixel location. The primary color has twice as many elements as the 
secondary colors. 

Table 13: 



Scale 3: Bayer Pattern Subsampling Mode 1 


P 


S 


P 


S 


Q 


P 


Q 


P 


P 


S 


P 


S 


Q 


P 


Q 


P 



[0035] The other modes of Bayer Pattern Subsampling are simple rearrangements of the component positions as 
illustrated in Tables 14-16 below. 



Table 14: 



Scale 3: Bayer Pattern Subsampling Mode 2 


P 


Q 


P 


Q 


S 


P 


S 


P 


P 


Q 


P 


Q 


S 


P 


S 


P 
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Table 15: 



Scale 3: Bayer Pattern Subsampling Mode 3 


S 


P 


S 


P 


P 


Q 


P 


Q 


S 


P 


S 


P 


P 


Q 


P 


Q 



Table 16: 



Scale 3: Bayer Pattern Subsampling Mode 4 


Q 


P 


Q 


P 


P 


S 


P 


S 


Q 


P 


Q 


P 


P 


S 


P 


s 



[0036] In scale 4, the number of pixels is decreased, If the size of each pixel in a display remains the same, the 
overall size of the displayed image will be smaller at scale 4. If the overall image size of the display is not reduced, 
then each pixel at scale 4 represents a larger area of the image. The color components are represented in the 4:4:4 
pattern of scale 0. In scale 4, an original image l MxN of MxN pixels is first scaled down by a factor of L horizontally and 
vertically into an image l mxn of size mxn, where 



m = (M+L-1)/L,n = (N+L-1)/L 
Then, l mxn is represented in 4:4:4 format. In most implementations, L is selected as 2 or 3. 

[0037] Many algorithms can be used to scale down l MxN horizontally and vertically by a factor Df L, including, but not 
restricted to, decimation, bilinear, and bicubic scaling. Decimation scaling down methods keep only one pixel in every 
LxL pixel block with a regular spacing, while other scaling methods may compute the pixel representing a LxL pixel 
block from a neighborhood of pixels. Bilinear scaling interpolates the pixel value at a new position as a linear function 
of the horizontal and vertical coordinates. The coefficients of the function are either ad hoc or estimated from the 
neighboring, known pixel values. Similarly, in bicubic scaling, the interpolation function is a cubic function of the hori- 
zontal and vertical coordinates. 

[0038] In scale 5, an image l MxN of MxN pixels is scaled down by a factor of L horizontally and vertically into an image 
l mxn of size mxn, as described above and subsampled in 4:2:2 format. Similarly, in scale 6: an image is scaled down 
by a factor of L horizontally and vertically and subsampled in 4:2:0 format. In a multi-scale representation of a com- 
pressed image, the same value or L, for example, a value of either 2 or 3, is typically used in scales 4 to 6, that is, 
scales 4 to 6 all refer to the same number of pixels. 

[0039] The scaling-down and scaling-up algorithms are used in pairs, denoted by (Lx4,LxT), where L is a scaling 
factor, and Lx defines the scaling algorithm. The optimal choice of particular scaling algorithm depends on the char- 
acteristics of the image data. By pairing, the same L is used for both scaling down (LxJ.) and scaling up (Lxt). Scaling 
may be performed on some or all of the color components of an image, depending on the subsampling patterns and 
from which scale an image is subsampled. 

[0040] To form a sequence of subsampled images, first, an original image I must be in one of the representations of 
Scales 0,1,2, and 3 described above. An image in the 4:2:2 pattern is obtained from an image in the 4:4:4 pattern with 
scaling down the UV or RB components by a factor of 2 along only the horizontal direction. This scaling down along 
the horizontal direction is performed by a 2x4- algorithm. The vertical sizes of the YUV or RGB components are the 
same for a 4:4:4 pattern and a 4:2:2 pattern. Similarly, an image in the 4:2:0 pattern is obtained from an image in the 
4:2:2 pattern by scaling down the UV or RB components by a factor of 2 along only the vertical direction. A Bayer 
pattern is obtained from a 4:2:0 image with scaling down the P component image horizontally or vertically, but not both. 
[0041] Let G be the original scale of image I. Then I is represented by l G since I can be considered an image sub- 
sampled from Scale 0. From l G , we can use the Lx4- algorithm to subsample l G to get l e+1 . From l G+1 , we again use 
the Lxl algorithm to subsample l G+1 to get l G+2 , and so forth until we reach the Subsampling Quality Scale S. This 
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way we get a sequence of subsampled images of l G : {l G , l G+1 , ... I s }. Obviously, the SQS value S cannot be smaller 
than the original image scale G. 

[0042] For example, assume G = 2, and S = 4. Then l 2 is in 4:2:0 format. From l G , we use the decimation algorithm 
to reduce l 2 into one of the Bayer Patterns, l 3 , as shown in Tables 13-1 6. Also, we use the given 2x I algorithm to scale 
down the P component of l 2 and reduce l 2 to l 4 , which is in 4:4:4 format at a lower dimension. I 4 can also be obtained 
from l 0 directly with scaling down all color components using a given 2xJ. algorithm. 

[0043] The color components in the Bayer Pattern are not co-sited. When subsampling a Bayer Pattern into a format 
of lower scale, care needs to be taken on pixel alignment. Therefore, the following two sequences of scales are par- 
ticularly useful: 

Sequence I: {0, 1,2,4,5, 6] 

Sequence II: {0, 1, 2, 3} 

[0044] For SQS values less than 3, either Sequence I or Sequence II can be used. For an SQS value of 3, Sequence 
II is used. For SQS values greater than 3, Sequence I is used. In Sequence II, the decimation method is preferred in 
the subsampling at Scales 1 and 2. In Sequence I, Scale 3 is skipped in order to avoid the non-cositedness problem. 
More sophisticated scaling methods can be used for Sequence I. 

[0045] A sequence of differential images may be defined differently for Sequences I and II. In the case of Sequence 
II, the subsampled sequence contains a subset of {l 0 , 1,, l 2 , l 3 }. When the decimation method is used for subsampling, 
it is obvious that l s+1 is a subset of l s , for S=0, 1 ,2. The differential image D s between l s and l s+1 may be defined as 
the extra pixels or components present in l s but not in l s+1 . Thus, D s may be written as 

D k = l k -l k+1 ,k = 0, 1,2, 

[0046] For convenience, let D 3 =l 3 . This way we obtain a sequence of differentially subsampled images: 
{D 0 , D^.Da). 

[0047] In the case of Sequence I, the subsampled sequence contains a subset of {l 0 , 1, , l 2 , l 4 , l 5 , l 6 }. To obtain the 
differential images, we scale an image at lower scales up to a higher scale. For example, we use the given 2xt algorithm 
to scale the P components of l 4 to obtain a higher scale image J 2 . Similarly, using the given 2xT algorithm we scale 
up the S and Q components of l k to obtain a higher scale image , for k = 6, 5, 2, 1 . Then the differential image at 
scale k is defined as 

D k = l k -J k , k=0, 1,2, 4, 5. 
Let D 6 = l 6 . Then the sequence of differentially subsampled images is given by 

{D 0 ,D 1 ,D 2 ,D 4 ,D 5 ,D 6 }. 
The differentiation method in Sequence I can also be applied Sequence II. 

[0048] According to an aspect of the present invention, instead of the sequence of differentially subsampled images 
described above, the differential images produced at the differentiation stage 120 of Fig. 1 take a different form. The 
differential representation described above has the disadvantage of error propagation from the lowest quality scale to 
higher quality scales. To prevent error accumulation in the present differentiation process, the reference image used 
for subtraction needs to be replaced by an image reconstructed from the data of lower scales, 
[0049] We consider here only the case of Sequence I. The case of Sequence II is simpler and can be similarly treated. 

Given an SQS S and a CQS C, first obtain the subsampled sequence {l c , l c+1 I s }. The base quality scale image 

l s is treated by a lossy transformation consisting of transform stage 130 and quantize stage 140. The transform stage 
130 can be performed using the DCT or wavelet transforms, as used, respectively, in standard JPEG or JPEG2000 
methods. Alternatively, transform stage 130 can use a new discrete cosine wavelet transform defined below in the 
present application. 

[0050] Reconstructing l s , by applying the inverse of the lossy transformation, we can obtain G s . In general G s is 
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different from l s , because lossy processes were used at stages 130 and 140, Using the given LxT algorithm, we scale 
up Gs to a higher scale S-1 and obtain Hg.-, . Then we obtain Dg., from 



and Dg., is transformed and quantized. Let D'g.., represent the transformed and quantized D s . v 

[0051] Reconstructing D'g..,, by the inverse of stages 130 and 140, we obtain Gg^. Again Gg^ is in general different 

from D s .-|. From Gg.-, and Hg^, we can reconstruct Ig., from 



where the symbol Fg^ is an approximation to the original image Ig.-, at scale S-1 . Note that the difference between 
15 F s ..| and Ig^ is the same as the difference between Dg., and G s ..,, successfully preventing error propagation from 
scale S. Now, using the given 2xT algorithm, we scale up F s .., to a higher scale S-1 and obtain H s . 2 . Then we obtain 
D s . 2 from 

20 D s-2 = 's-2 " H s-2- 

Now D 5 . 2 is transformed and quantized to give D' s . 2 and from D' s . 2 we can obtain G s . 2 . This process goes on until the 
differential image D c at the highest quality scale C is determined, transformed, and quantized. The quantity H k differs 
from J k defined above in that H k is reconstructed from lower scale image data transformed and quantized using lossy 

25 methods, while J k is an image scaled up from a lower quality scale image l k+1 . 

[0052] The calculations described immediately above are illustrated in the flow diagram of Fig. 1 . Subtract stage 1 25 
computes the difference between a subsampled image and the reconstructed upscaled image as given explicitly for 
scale S-1 in Eq. (1). The output D 1 of quantize stage 140 is passed to both the ordered statistics encoding stage 180 
and to the dequantize stage 150 to complete the process of determining the differentials. The output of the inverse 

30 transform stage 160 is the quantity denoted by G, that is the reconstructed D'. The add stage 165, adds the recon- 
structed differential G to the image scaled up from the adjacent lower scale H, as given explicitly for scale S-1 in Eq. 
(2). With the formal definitions for the base quality scale S of D s = l s and H s = 0, the flow diagram describes the overall 
differentiation process, producing a sequence of transformed and quantized images {D's, D'^ , ... D'c} 
[0053] As indicated, the transform stage 130 may refer to standard transformations into coefficients associated with 

35 known functions such as the discrete cosine transform (DCT), wavelet transforms (WT), or other similar transforms 
known in the art. According to another aspect of the present invention, a novel transform, denoted the discrete wavelet 
cosine transform (DWCT), is used. The DWCTtransform combines spatial transformation features of the Haar (wavelet) 
transform and frequency transformation features of the DCT. 

[0054] In the following formulas, a bold face letter such as X or Y is used to represent a vector. A subscript is used 
40 to denote the dimension of the vector. For example, X N represents a vector of N elements, whose nth element is 
represented by X N [n]. Round brackets ( and ) are used to enclose the variables of a function (e.g. f(x)), while square 
brackets [ and ] are used to enclose an index of a vector element (e.g., X[n]). We use F(X) to express a linear transform 
which can also be represented by a matrix multiplication FX, where F is the matrix form of the transform function F. 
[0055] If X N = [x 0 , x,, x N ..,] T and Y N = [y 0 , y,, y N ..,] T are two vectors of N elements, then an interleave function, 
45 Interleave^, Y N ), generates a vector of 2N elements, that is, 

Interleave^, Y N ) = [x 0 , y 0 , x, , y, x N-1 , y N ..,] T . 

50 Given a vector X N =[x 0 , x-,, x N ..,] T , a permutation function T N (X N ) for size N is defined as 

T N (X N )=T N ([x 0 ,x, x (v . 1 ] r )=[x 0 ,x 2 x N . 2 ,x N _, x 3 ,x,] T . 

55 7n( x n) is inversible and can be expressed in matrix form 
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r N (X N ) = T N X N , 

for some matrix T N . 

s [0056] The DWCT is defined recursively. To clarify the relationship between the DWCT and the previously used DCT 
and wavelet transforms, first a recursive definition of the DCT is provided. For a 2-element vector X 2 , the DCT trans- 
formation C^Xj) is defined as 



Y 2 =C 2 (X 2 ) = C 2 X 2 = 




'5 Then the DCT of an N-element vector X N , where N is an integral power of 2, can be expressed as 
Y W =C N (X W ) = C N X W , 

20 where C N defines the one-dimensional DCT of size N, With the definitions E W2 and 0 N/2 
E N/2M= Y N [2n] 0 N/2 [n]=Y N [2n+1], n = 0,1 N/2-1 . 

25 and 



Y N = fnferieai/e(E N/2 ,0 N/2 ). 
30 the DCT at size N can be recursively defined in terms of DCTs at size N/2 through 

E N/2 = C Nffl( U N/2) = C Nffi U N/2' 



Qn/2=C n/2 (V n ^) = C n ^V W2 , 



0 N/2 [n] = Q N/2 [n]+Q N/2 [n+1], n = 0,1 /v/2-1 

with 



UnsM = (X/vM + X W [W- n A])lj2, n = 0,1 W/2-1, 

45 

V N/2 [n] = (X N [n] - X^N-n - 1])/(272cos[(2n+ 1)n/2N]), n = 0.1 N/2-1. 

Note that Q N/2 is a vector of only N/2 elements. To simplffy the mathematics, Q N/2 may be extended to contain N/2+1 
so elements with Qn^[N/2] = 0. It is clear that E^n], Q m [n], and therefore C w are defined by DCTs at a lower dimension 
N/2 instead of N. 

[0057] The DCT kernel C N obtained with the recursive definition above is not normalized. To obtain a normalized 
DCT kernel, equivalent to the standard non-recursive definition of the DCT for a given dimension N, simply multiply 
the first row of C N by Vj2. 

55 [0058] The Haar Transform (HT) may also be defined recursively. For a 2-element vector X 2 , H£K Z ) is the same as 
DCT: 
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Then HT of an N-element vector X N can be expressed as 

Y N =H N (X W ) = H N X W , 
where H N defines the one-dimensional HT of size N. With the definitions, E N/2 and 

E N/2 [n]=Y N [2n] 0 N/2 [n]=Y N [2n + 1], n=0,1 N/2-1. 



Y N = lnterleave(£ u _ z ,0 W2 ). 
the HT at size N can be recursively defined in terms of HTs at size N/2 through 

E N/2 = H N/2 ( U N/2) = H N/2 U N/2' 

On/ 2 =V N / ? 



U N / 2 t"] = (X«[2n] + X N [2n + 1])/72, n = 0,1 A//2-1 , 

35 

V w/2 [n] = {X N [2n} - X w [2n+1])/(^2), n = 0,1 N/2-1. 

It is clear that E W2 [n] and therefore H N are defined by HTs at a lower dimension N/2 instead of N. 
40 [0059] As in the recursive definition of the DCT, the HT kernel H N obtained above is not normalized. Multiplying the 
first row of H N by \lj2 provides the conventional normalized HTfor a given dimension N. 

[0060] The one-dimensional DWCT according to an aspect of the present invention is also defined recursively. First, 
the DWCT HyX 2 ) at size 2 is defined to be the same as the DCT or HT: 



Y 2 =^(X J ) = C 2 (X 2 ) = // 2 (X I )=W 2 X J =^ _V]x 2 , 



(3) 



Next, the DWCT W W (X N ) at size N for N an integer power of 2 is defined as 

Y W = W N (X W ) = W N X W . 
Again, two vectors E N/2 and 0 N/2 are defined such that 
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E N/2 [n]=Y N [n], 0 N/2 [n]=Y N [N+n], n = 0,1 N/2-1. 



(5) 



We still call E W2 and 0^ the even part and the odd part for convenience in comparing with the DCT and HT. However, 
it should be noted that in the DWCT, the even part and odd part are not interleaved, but are separated as shown in 
Eq. (5). Now the DWCT at size N can be recursively defined in terms of DWCTs at size N/2 through 

E N /2=W N/2 (U W2 ) = W N/2 U N/2 , (6) 
Qn/2=C n/2 (V n/2 ) = C n/2 V n/2 , (7) 
0 W/2 [n]=Q N/2 [n]+Q N/2 [n+1], n=0.1 W/2-1 (8) 



U N/2 [n] = (Z N [n]+Z N [A/-n-1])/^, 
= (X w [2n] + X w [2n+1])/V2, n = 0,1 W/2-1, (9) 

V N/2 [n] = (Z w [n] -Z w [/v-n-1])/(2^cos[(2n+1)jt/2N]), 
=(X w [2r)]-X N [2n+1])/(2^cos[(2n+1)jt/2N]), n=0,1 W/2-1, (10) 

Z W =T N (X W ) = T W (X W ). 

Again, we assume Q N/2 [N/2] = 0. 

[0061] As in the recursive definitions of the DCT and the HT, the DWCT kernel W N defined here is not normalized. 
Multiplying the first row of W N by M^l2 provides a normalized DWCT kernel. However, there is no requirement that the 
DWCT transform be normalized. The quantization values used at the quantize stage 1 50, discussed further below, can 
be chosen taking into account whether or not the DWCT has been normalized. 

[0062] Although 1^n(X n ) looks somewhat equivalent to the composite function C N [T^K H )), they are not the same. 
T W (X N ) permutes only X N at size N, while HyX N ) permutes the data at each recursion. From one point of view, the 
DWCT may be thought of as a variant of the DCT in the sense DWCT is defined using the DCT and a permutation 
function. Permutation does not change the value of the input, but only the order of the input. 
[0063] The discrete wavelet cosine transform takes its name from Eqs. (6)- (9). The even part, E^, of the DWCT, 
as defined in Eqs. (6) and (9), is the same as the even part of the Haar Transform. From Eq. (5), it can be seen that 
the even part corresponds to the first part of the transformed vector Y N . When written as column vector as in Eq. (5), 
the first part of the transformed vector is the top portion. The odd part, 0^, that is, the second portion of the vector 
Y N , is based on the DCT, as seen from Eqs. (7) and (8). Therefore the DWCT differs from the HT only in the second 
part, which corresponds to high frequencies. The elements of the vector Y N are referred to as the DWCT coefficients. 
Actually, DWCT coefficients can be derived from HT coefficients with some additional computations on the odd part 
and vice versa. Thus, the DWCT is a multi-resolution representation of the data with the first part of the data containing 
the lower scales of representation of the input. In a general sense, the DWCT is a wavelet transform because at each 
recursion, DWCT can be considered a scaled Haar transform. The end result is a compact representation in which the 
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lowest order coefficients have the most information about the image. The arrangement of before 0 W2 in Eq,(5) is 
convenient but arbitrary; the important point is that the DWCT divides the coefficients into two parts, one part corre- 
sponding to lower scales of representation of the input and the other part corresponding to the high frequency com- 
ponents of the input. 

5 [0064] While the DWCT is defined here in the context of the present data compression process in which differential 
images are defined from reconstructed representations, the DWCT may be applied in any data compression method. 
For example, alternate data compression methods could be defined in which DWCT replaces the DCT or wavelet 
transforms of JPEG or JPEG2000, respectively. 

[0065] Obviously, the inverse of W/v(X N ) exists and it can be proven that 

10 

W N (X N )=W N X N 

for some reversible matrix W N of size NxN. 

'5 [0066] The manner in which the recursive definition of the DWCT is applied to obtain the transform W^X^ for 
dimension N from the definition in Eq. (3) of W 2 may be understood from the case of N=4, Applying Eqs. (9) and (1 0) 
to a vector X 4 gives two vectors of length 2. Using W 2 from Eq. (3), Eqs. (5)-(8) can be evaluated to give Y 4 , which 
according to Eq. (4), is the desired DWCT applied to the original vector X 4 . For general N =2", Eqs. (9) and (10) are 
evaluated repeatedly until 2 n - 1 vectors of length 2 are obtained. In practice, the recursive definition, Eqs, (3) - (1 0) can 

20 be evaluated each time the DWCT transform is calculated, Alternatively, the transformation matrices W N can be de- 
termined explicitly as a function of N, from the original X N and Eq. (4), and stored. The recursive definition has the 
advantage of being applicable to any value of N. A recursive definition of the inverse of the DWCT, which may be 
denoted IDWCT, may be derived mathematically from Eqs. (3)-(10) since all the equations are linear. Alternatively, in 
some implementations, the inverse transformation may be calculated explicitly from the forward transformation and 

25 stored. 

[0067] The two-dimensional DWCT of an array X NxM (N =2", M = 2 m ), is defined as 

Z W ,M = {^ M {W N (X MfM )} r } r 

30 

First the transform is applied to the rows of the two-dimensional array, treating each row as a one-dimensional vector, 
and then the transform is applied to the columns of the array, again treating each column as a one-dimensional vector. 
The DWCT is applied to each color component separately. That is, each color component is extracted as a monochro- 
matic component image and then the DWCT is applied to each of the component images. 

35 [0068] In the case that the length of an image is not an even power of 2, according to another aspect of the present 
invention, a low-frequency extension method is applied. First consider the one-dimensional case. A vector X L = {x 0 , 

x-i Xl^} 1 , with 2 n " 1 < L < 2 n may be extended to a vector X N of size N = 2 n by adding 2 n - L elements x L , x L+1 

X N-1 to X L . These added elements can have any values because they will be discarded by the decoder. The present 
low frequency extension is to choose the values of x L , x L+1 .... x N-1 to make the DWCT transform of X N have only up 

■to to L non-zero coefficients. 

[0069] Consider the inverse DWCT of X N 



L A (W-Wj l"iN-L)xL "(*-£)*(W-i.)Jl_*'<N-i)J 



By setting Z (N _ L) to zero, the following equations result 

50 

55 X (/V./.) = w (AK)xI. Z Z. = w (N-i.)*L w bci. X i. 

X (N-L) in the above equation provides a low-frequency extension to the original data X L . The two-dimensional case is 
treated by considering the column vectors first and then row vectors of the transformed image (by transposing the 
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image). In the two-dimensional case, elements are added to a block of dimension JxK, where J and K are not integral 
multiples of 2, such that the block of coefficients, after transformation, have at most JxK non-zero values. The same 
principle can be applied to any other transform such as the DCT, Fourier Transform, or wavelet transform. 
[0070] In order to reduce the computation of the DWCT, the original image may be divided into blocks and DWCT 
can be performed on each block instead of the whole image. Again we consider first the one-dimensional case. First, 
choose a block size M = 2 m . Then the given Vector X L is divided into (L+M-1) / M blocks. The last block may be filled 
only partially with image data. In this case, the low-frequency extension method described above can be used to fill 
the rest of the block. Extension to the two-dimensional case by dividing the image into blocks of size MxM pixels is 
straightforward. Block division is applied to the composite color image altogether so that all component images share 
the same overlapped block boundaries. Typically, block size must be at least 8x8 in order to achieve good results. 
Block sizes of 8x8 or 16x16 are reasonable choices for practical implementation of the DWCT, although block sizes 
can be selected to be much larger. However, computational resource requirement increases significantly when block 
sizes increase. Conventional wavelet transforms frequently use large block sizes, up to the size of the whole image 
for best quality. One advantage of the present DWCT is to provide the benefits of wavelet transforms without requiring 
use of the largest block sizes, 

[0071] The process of dividing an image into blocks is equally applicable to alternative transforms used at stage 130. 
Referring to the flow diagram of Fig. 1 , the image may be divided into blocks immediately before the transform stage 
1 30 such that the transform process 1 30 and quantize process 140 are then performed in terms of blocks. In completing 
the loop within the differentiation stage 1 20, a blocked image Is deblocked immediately after the inverse transform at 
stage 160. 

[0072] At the quantization stage 140, a block of coefficients is quantized to fixed-point data by dividing each coefficient 
with a quantizer and rounding the result to the nearest integer. The quantizers can be freely chosen according to 
application needs. The DWCT, or other transform, of an MxM block image yields a block of MxM coefficients. As noted 
above, block may refer to the entire image. The collection of quantizers for the coefficients in a block forms a quantizer 
block, called a quantization table. The structure of a quantizer block is shown in Table 1 7. 



Table 17: 



Quantization Coefficients 


Q-o.o 


Q0.1 






Qo.M-1 


Qi,o 


Q 1,1 




























Q M-1,0 








Q-M-1.M-1 



Let C(x,y) be, for example, the DWCT coefficients of an image block and Q(x,y) be the selected quantizer block. The 
quantization process is described by the following equation: 

D(x, y) = [C(x, y)/Q{x, y)] 

where [X] denotes the operation of rounding a number X into an integer. 

[0073] The values of the quantization coefficients Q(x,y) determine the precision with which the tranformed coeffi- 
cients are stored, the highest precision being the precision of the data prior to transformation. Increasing the values 
chosen for Q(x,y), decreases the number of bits stored per coefficient. A convenient rule of thumb is that for a tranform 
of dimension NxN, a minimum practical value of Q(x,y) is N. If an un-normalized transform was used, the values of the 
first row of the quantization table, Q(0,y), can be chosen to compensate for the fact that the first row of transformed 
coefficients was not normalized. In some embodiments, a fixed number of quantizer tables are used in a given image 
such that a different coefficient block may use a different quantization table, For the coefficient blocks corresponding 
to the highest frequency coefficients, much larger quantizer values, for example, values on the order of 500, may be 
used. 

[0074] At the dequantization stage 1 50, integer values are multiplied by the values in the quantization tables. Alter- 
natively dequantize stage 150 uses an inverse quantization table. 

[0075] In the ordered statistics encoding stage 180, the quantized coefficients for each block are encoded in a lossless 

manner executed in three stages: context prediction 185, ordering 190, and entropy encoding 195. 

[0076] Conventional methods of context prediction may be used at stage 185. According to another aspect of the 
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present invention, an improved method of context prediction uses a context that is different for each color component 
and for each coefficient. For the primary color component P, the context consists of neighboring pixels in the same 
block. For the second color component S, the context consists of neighboring coefficients in the same block and the 
coefficient of the same index in the corresponding primary color block. For the third color component Q, the context 
s consists of neighboring coefficients in the same block and the coefficients of the same index in the corresponding 
primary and second color blocks. 

[0077] Coefficients of index 0 are predicted differently, utilizing the coefficients of index 0 in the neighboring blocks 
in addition to the same coefficients in the primary or second color components. A context of any order can be used; 
however, typically, orders 2 and 3 are used. An order 3 context is formed by three coefficients C v C 2 , and C 3 from the 
10 same or different blocks. An order 2 context contains C, and C 2 only. The context described below is for order 3. The 
order 2 context is obtained by discarding one coefficient, usually the least relevant one, in the context. 
[0078] The coefficients in a block are classified into 4 groups. The context for each group is formed using different 
rules: 

15 Group 0: Group 0 contains the coefficient at location (0,0) only. 

Group 1 : Group 1 contains the coefficients on the first row except coefficient (0,0). This group of coefficients has 
an index represented by (0,i), with i > 0. 

20 Group 2: Group 2 contains the coefficients on the first column except coefficient (0,0). This group of coefficients 

has an index represented by (j',0), with j > 0. 

Group 3: Group 3 contains all the rest of the coefficients. This group of coefficients have an index represented by 
(i,j), with i >0,j >0. 

25 

[0079] The context of a primary color coefficient P 0 , (i>0) in Group 1 is formed by the 3 coefficients on the same row 
preceding P oi : 

30 C k = P 0i , k ,k= 1,2,3. 

If C 3 or C 2 is out of the block, then the context is formed by C, only. Similarly, the context of a coefficient P J 0 in Group 
2 is formed by the 3 coefficients on the same column preceding P j 0 . If C 3 or C 2 is out of the block, then the context is 
formed by C, only. The context of a coefficient Pj ( in Group 3 is formed by the 3 neighboring coefficients on the upper 
35 left side of Pj ,: 

C 1 = P j,i-1 ■ C 2 = P |-1,l" C 3 = P J-1.M- 

40 The locations of Groups 0, 1 , 2, and 3 in a block of coefficients are illustrated schematically in Fig. 3. 

[0080] The context for coefficient (0,0) is formed differently. First, all coefficients (0,0) from different blocks of the 
primary color are grouped together to form an index image. The index image is treated like a regular primary component 
block and DWCT is applied to the index image to obtain a coefficient block. The Groups 1 ,2, and 3 are predicted using 
the context described above. The coefficient at position (0,0) is predicted using a constant 2 H " 1 for an image of H-bits 

45 precision. 

[0081] The context of a coefficient of a second color component S 0ii (i>0) in Group 1 is formed by the 2 coefficients 
on the same row preceding S 0 ; and the corresponding primary coefficient P 0 l : 

50 C 1 = P 0.l' C 2 = S 0,l-1> C 3 = S 0,l-2 

If C 3 is out of the block, then the context is formed by and C 2 only. Similarly, the context of a coefficient Sj 0 in Group 
2 is formed by the two coefficients on the same column preceding S j 0 and the corresponding primary coefficient P oi : 

C 1 = P j,0' C 2 = S 0.i-1' C 3 = S 0,i-2 

If C 3 is out of the block, then the context is formed by C, and C 2 only. The context of a coefficient Sj , in Group 3 is 
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formed by the 2 neighboring coefficients on the left and top sides of Sj ; and the corresponding primary coefficient Pj 

C 1 =P J| ,C 2 = S j| . 1 ,C 3 = S ] . 1|l 

[0082] The context for coefficient (0,0) of the second color component S is formed analogously to the context for 
coefficient (0,0) of the primary color component, First, all coefficients (0,0) from different blocks of the second color 
are grouped together to form an index image. This index image is treated like a regular second component block and 
DWCT is applied to this index image to obtain a coefficient block. The Groups 1 ,2, and 3 are predicted using the context 
described above for the second component. Coefficient 0 is predicted using a constant 2 H-1 for an image of H-bits 
precision. 

[0083] The context of a coefficient of the third color component Q 0 , (i>0) in Group 1 is formed by the coefficient on 
the same row preceding S 0 , and the corresponding primary and second coefficients P o i and S o j : 

C 1 = P 0,i' C 2 = S 0,i' C 3 = Q 0,i-1 ■ 

Similarly, the context of a coefficient Qj 0 in Group 2 is formed by the coefficient on the same column preceding Q j 0 
and the corresponding primary and second coefficients P j0 and S j0 : 

C 1 = P J,0' C 2 = S j,0' C 3 = Q |-1,0> 

The context of a coefficient Q-^ in Group 3 is formed by the two neighboring coefficients on the left side of and the 
corresponding primary and second coefficients Pj , and S^. 

C 1 = P j.i. C 2 = S j,r C 3 = Qj,l-1. 

[0084] The context for coefficient (0,0) of the third color component is formed analogously to the process described 
above for the (0,0) coefficients of the primary and second color components. 

[0085] In addition to the context from neighboring pixels, the positional index of each coefficient in a DWCT block 
can also be used as a context. The positional context is denoted by C 0 . 

[0086] Note that color components of an image in some quality scales, for example in scale 4, Bayer pattern sub- 
sampling, are not co-sited. In this case, a pixel of one color may not find corresponding pixels of other colors in the 
same location, leading to the effect that color blocks may not be aligned and may not even have the same block size. 
The block size problem can be handled by using only the subblock of the primary coefficients in the upper left corner 
for generating context for secondary colors. Alternatively, the misalignment problem can be overlooked. It may be 
further noted that the context prediction method described here may be applied in any data compression method. For 
example, the present context prediction method may be used in conjunction with entropy encoding steps in a JPEG- 
or JPEG2000-like method. 

[0087] The pixel context and positional context together form the whole context for probability modeling. The whole 
context is denoted by CgCaC^Q. For a coefficient X, the conditional probability P(C 3 C 2 C 1 C 0 I X) is used subsequently 
at stage 195 to encode the coefficient X. The maximum order of the context may be reduced from 4 to 3 or 2 for 
computational reasons in practical applications. 

[0088] At the ordering stage 190, the two-dimensional array of pixels is mapped into a one-dimensional sequence 
for the purpose of efficient encoding. In the flow diagram of Fig. 1 , ordering follows context prediction. Alternatively, 
ordering can be done before quantization or context prediction as long as the mapping is preserved for all relevant 
data such as coefficients, quantization tables, and contexts, Conventional methods of ordering include the zig-zag 
ordering scheme used in JPEG, According to another aspect of the present invention, an ordering method termed 
quad-tree ordering is defined here. The quad-tree ordering method is particularly suited to take advantage of the data 
compaction of the DWCT transform which places the most important coefficients at the upper left corner of the two- 
dimensional array. First, each block is partitioned into four priority regions (PRs) of equal sizes as shown in Table 18. 

Table 18. 
Priority Regions 
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Table 18, (continued) 
Priority Regions 



Priority 0 is the region of highest priority and Priority 3 is the region of lowest priority, In the bitstream, regions of Priority 
0 appears ahead of regions of Priority 1 , followed by regions of Priority 2 and then 3. 

[0089] Each region is further partitioned into sub priority regions using the same method as shown above. This 
process continues until the region size reaches 1 pixel by 1 pixel. Table 1 9 shows the ordering result for a block of size 
1 6x1 6. The same method can be applied to any sized block. 



Table 19 
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[0090] The output of the ordering method includes a table relating the two index pixel position to the coefficient order 

40 in the one-dimensional array as illustrated above. 

[0091] The final stage of the data compression method is entropy encoding 1 95. The ordered, quantized coefficients 
are entropy encoded based on the conditional probability based on the context determined in stage 185. Any lossless 
encoding method may be used but arithmetic encoding is preferred. Standard methods of arithmetic encoding are 
described, for example, in the reference book by Mark Nelson and Jean-Loup Gailly. The Data Compression Book 

45 (M&T Books, 1995). 

[0092] The conditional probability P(C 3 C 2 C|C 0 I X), where X is the coefficient to be encoded, is initialized from a 
constant table obtained a priori and then updated using accumulated statistics for the image of interest. Note that C 0 
is the positional index in the one-dimensional array resulting from the ordering stage. If X is not in the prediction table 
of CaCa^Co, the prediction order is reduced to 3 and the prediction table of C^Cq is examined. If X is in the prediction 
so table of C Z C^C 0 , then P(C 2 C 1 C 0 I X) is used to encode X, Otherwise, the order is reduced to 2 and the prediction table 
of C^o is examined. The process continues until order 1 is reached. If again X is not in the prediction table of C 0 , then 
X is encoded assuming a uniform probability for the values not in the prediction tables of CgC^Co, C^Cq, O|C 0 , 
and C 0 . 

[0093] A value to be encoded is called a symbol. The prediction tables for different orders are disjoint, as they contain 
55 no common symbols. For example, if X is not in the prediction table of C 3 C 2 CiC 0 , then when we reduce the order from 
4 to 3, all symbols in C 3 C 2 C|C 0 should be removed from the prediction table of C 2 C|C 0 when computing its symbol 
probabilities. Similarly, when we reduce the order from 3 to 2 (because X is not in the prediction table of C 2 C 1 C 0 ), all 
symbols in C 3 C 2 C 1 C 0 and C 2 C^C 0 should be removed from the prediction table of C^C 0 when computing its symbol 
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probabilities, In the coding process, each conditional probability is represented by an occurrence count in fixed-point 
number format. The occurrence count is updated each time a value is encoded. 

[0094] The encoding stage completes the process of producing a bitstream that can be efficiently stored ortransmitted 
over a computer network. The bitstream contains the encoded coefficients corresponding to the base quality scale 
image followed by the encoded coefficients corresponding to the differential images. In addition, the bitstream may 
contain conventional header information such as the size of the file, number of colors, number of scales, information 
about how the file is ordered, such as a block sequential index, identification of methods used, for example to transform 
and encode, non-default quantization tables, and optionally, probability tables. 

[0095] As described in Fig. 2, a decompression process essentially reverses the operation at each step of the process 
and thus enables the image to be reconstructed. The decompression process needs to have access to the probability 
tables used for entropy encoding. Although the probability tables may be stored as part of the header information, they 
are generally large. Therefore, at stage 210, the probability prediction tables are typically generated by an analogous 
context prediction process as that used at stage 1 85. However, the context prediction process used information about 
neighboring pixels. The portion of the decompression process indicated by loop 280, which reverses the ordered sta- 
tistics encoding, is performed as a loop over pixel positions to gradually build up the probability tables. At the entropy 
decode stage, the bitstream data is restored to the quantized transform coefficients. The reverse order stage 230, 
maps the one-dimensional coefficient data back into the two-dimensional position. The dequantize stage 250 reverses 
the quantization process using an inverse quantization table. The inverse transform stage 260 transforms the dequan- 
tized coefficients back into the pixel data. Note that stages 250 and 260 use precisely the same processes as stages 
150 and 160, used in the loop within the differentiation stage 120. 

[0096] As displayed in Fig. 2, the recombination process 290 reverses the effects of the differentiation process 1 20. 
The output of the inverse transform stage 260 may be the sequence of differential images starting with the base quality 
scale image G s denoted as {G s , G s ..|, ... GJ where the G's are not exactly the same as the original images l s etc. 
since they have undergone lossy transformations. G s is scaled up to yield a higher scale image H s ., . The reconstructed 
F s .i, the approximation to \ s . h is obtained from Eq. (2) above, F s-1 = Gg.., + H s . v The image Fg.., is scaled up to the 
next image scale to give H s . 2 and the process is continued until the digital representation of the highest quality scale 
image is recovered. With the formal definition H s =0, the recombination process 290 is described in the flow diagram 
in Fig. 2 where the add stage 265 adds the reconstructed differential G to the image scaled up from the adjacent lower 
scale H as In Eq. (2). 

[0097] However, it is not necessary to obtain a reconstructed image at the highest quality scale available in the 
compressed data. If a Display Quality Scale (DQS), the scale specified by an application, is of lower quality than the 
quality at which the image was stored, only the differentials corresponding to the DQS scale need to be recovered. In 
that case, alternatively, the flow of the processes in Fig. 2 can be altered so that the differentials G are obtained one 
at a time, from stages 21 0 through 260, and added to the previous upscaled image before the differential at the next 
quality scale is inverse transformed. In this way all the information needed to display an image at a given quality scale 
may be determined before any information required for the next higher quality scale is computed. 
[0098] Thus, an image compressed according to the present process can be progressively viewed or downloaded 
by transmission over a computer network or the Internet. Further, a browser can display an image at a specified quality 
scale, ignoring any data corresponding to quality scales higher than the specified scale. 

[0099] Although the digital image compression process has been described with respect to specific scale definitions, 
transformations and ordering schemes, the description is only an example of the invention's application. Various ad- 
aptations and modifications of the processes disclosed are contemplated within the scope of the invention as defined 
by the following claims. 



Claims 

1 . A method of compressing a digital representation of an image into a one-dimensional bitstream, the digital repre- 
sentation comprising a two-dimensional array of pixels wherein a primary color component and secondary color 
components are associated with each pixel, the method comprising: 

representing the image in a series of quality scales of progressively decreasing quality, wherein a higher quality 
scale comprises more data than a lower quality scale, and wherein lower quality scales are formed from higher 
quality scales by decreasing the number of stored color components or by decreasing the number of pixels; 
representing the image in terms of quality scales in terms of a base quality scale image and differential images 
wherein a differential image at a given quality scale is the difference between the image at the given quality 
scale and a representation of the image scaled up from a reconstructed representation at the adjacent lower 
quality scale, the reconstructed representation determined by a process comprising; 
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transforming the image into a set of coefficients associated with known functions, 
quantizing the set of coefficients by dividing by quantization values and rounding to integer values, 
dequantizing the set of quantized coefficients by multiplying by the quantization values, and 
performing the inverse transform associated with the known functions to produce a reconstructed represen- 
tation; 

representing the base quality scale image and the differentia! images as integer values by a process comprising 
transforming to a set of coefficients associated with known functions and quantizing the set of coefficients by 
dividing by quantization values and rounding to integer values; and 

encoding the integer values corresponding to the lowest quality scale and the differential images by a lossless 
ordered statistics encoding process to produce a one-dimensional bitstream. 

2. The method of Claim 1 wherein the primary color component is green and the secondary color components are 
red and blue. 

3. The method of Claim 1 wherein the primary color component is luminance and the secondary color components 
are chrominances. 

4. The method of Claim 1 wherein the series of quality scales comprises quality scales selected from the group 
consisting of a first quality scale wherein all color components are present at each pixel; a second quality scale 
wherein the primary color component and one secondary color component are present at each pixel; a third quality 
scale wherein a primary color component is present at each pixel and quadruple as many primary color components 
as each secondary color component are present; a fourth quality scale wherein one color component is present 
at each pixel and twice as many primary components as secondary components are present; a fifth quality scale 
derived from the first quality scale by reducing the number of pixels in the horizontal direction and in the vertical 
direction by dividing each dimension by an integral factor; a sixth quality scale derived from the fourth quality scale, 
wherein the primary color component and one secondary color component are present at each pixel; and a sixth 
quality scale derived from the fourth quality scale, wherein a primary color component is present at each pixel and 
quadruple as many primary color components as each secondary color component are present, 

5. The method of Claim 1 wherein transforming to a set of coefficients associated with known functions is applying 
a two-dimensional transform, the two-dimensional transform combining frequency transform features and multi- 
resolution transform features, 

6. The method of Claim 5 wherein applying the two-dimensional transform comprises applying a one-dimensional 
transform to rows of the two-dimensional array of pixels and applying the one-dimensional transform to columns 
of the two-dimensional array of pixels. 

7. The method of Claim 6 wherein the one-dimensional transform is defined from a discrete cosine transform and a 
permutation function whereby the output elements of the transform are separated into a first portion and a second 
portion, the first portion containing lower scales of representation of input to the transform. 

8. The method of Claim 7 wherein the one-dimensional transform is defined recursively. 

9. The method of Claim 8 wherein the one-dimensional transform is the discrete wavelet cosine transform. 

10. The method of Claim 1 further comprising dividing the lowest quality scale representation andthedifferential images 
into blocks of dimension M by M wherein M is an integral power of 2 before transforming to a set of coefficients. 

11. The method of Claim 10 further comprising forming a block of dimension M by M from a block of dimension J by 
K, wherein J and K are not integral powers of 2, by adding elements to the block of dimension J by K such that 
the set of coefficients after transformation has at most JxK nonzero values. 

12. The method of Claim 1 wherein the lossless ordered statistics encoding process comprises context prediction of 
quantized coefficients, ordering, and arithmetic encoding, wherein context prediction is performed separately for 
each color component, and wherein for the primary color component, the context comprises a positional index and 
neighboring coefficients of primary color pixels, for a first secondary color component, the context comprises a 
positional index, coefficients of neighboring first secondary color components, and the coefficient of the primary 
color component of the same positional index, and for a second secondary color component, the context comprises 
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a positional index, neighboring second secondary color coefficients, and the coefficients of the primary and first 
secondary color components of the same positional index. 

13. The method of Claim 12 wherein context prediction divides the quantized coefficients into groups, wherein a first 
group comprises the coefficient corresponding to a lowest positional index, a second group comprises a first row 
of coefficients excluding the first group coefficient, a third group comprises a first column of coefficients excluding 
the first group coefficient, and a fourth group comprises the remaining coefficients, and wherein the context is 
different for each group. 

14. The method of Claim 5 wherein the lossless ordered statistics encoding process comprises context prediction, 
ordering the two-dimensional array of pixels into a one-dimensionai array, and arithmetic encoding, wherein or- 
dering comprises partitioning the two-dimensional array into four equally sized regions ordered as upper left, upper 
right, lower left, and lower right, and repeatedly partitioning each region into four equally sized subregions ordered 
as upper left, upper right, lower left, and lower right until a subregion is one pixel by one pixel in size. 

1 5. A method of reconstructing a digital representation of an image compressed by the method of Claim 1 , the recon- 
struction method comprising: 

recovering context prediction probability tables used in compression; 

decoding integer values corresponding to the base quality scale representation and the differential images; 
reverse ordering each decoded integer value to a two-dimensional position in an array of pixels; 
multiplying each decoded integer value corresponding to the base quality scale and the differential images by 
the quantization value; 

performing the inverse transform associated with the known functions to reconstruct the digital representation 
of the base quality scale and the differential images; 

upscaling the digital representation of an image at a lower quality scale to the next higher quality scale; and 
adding a differential image at a given quality scale to the upscaled image atthe given quality scale to reconstruct 
the digital representation at the given quality scale. 

16. The method of Claim 15 wherein for a primary color component, a context used in context prediction tables com- 
prises a positional index and neighboring coefficients of primary color pixels, for a first secondary color component, 
a context comprises a positional index, coefficients of neighboring first secondary color components, and the co- 
efficient of the primary color component of the same positional index, and for a second secondary color component, 
a context comprises a positional index, neighboring second secondary color coefficients, and the coefficients of 
the primary and first secondary color components of the same positional index. 

17. The method of Claim 1 6 wherein context prediction tables are associated with quantized coefficients considered 
in groups, wherein a first group comprises the coefficient corresponding to a lowest positional index, a second 
group comprises a first row of coefficients excluding the first group coefficient, a third group comprises a first 
column of coefficients excluding the first group coefficient, and a fourth group comprises the remaining coefficients, 
and wherein the context is different for each group. 

18. The method of Claim 15 wherein the inverse transform associated with the known functions is the inverse of a 
transform combining frequency transform features and multi-resolution transform features. 

19. The method of Claim 18 wherein the inverse transform is defined recursively from an inverse discrete cosine 
transform and a permutation function, and wherein the input elements of the inverse transform are separated into 
a first portion and a second portion, the first portion containing lower scales of representation of input to the trans- 

20. The method of Claim 19 wherein the inverse transform is an inverse discrete wavelet transform. 

21. A sequence of subsampling representations of decreasing length for compressing a digital representation of an 
image, the digital representation comprising a two-dimensional array of pixels wherein a primary color component 
and secondary color components are associated with each pixel, the sequence comprising: 

a first subsampling representation wherein all color components are present at each pixel; 

a second subsampling representation wherein the primary color component and one secondary color compo- 
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nent are present at each pixel; 

a third subsampling representation wherein a primary color component is present at each pixel and quadruple 
as many primary color components as each secondary color components are present; 
a fourth subsampling representation derived from the first subsampling representation by reducing the number 
of pixels in the horizontal direction and in the vertical direction by dividing each dimension of the two-dimen- 
sional array by an integral factor; 

a fifth subsampling representation derived from the fourth subsampling representation wherein the primary 
color component and one secondary color component are present at each pixel; and 
a sixth subsampling representation derived from the fourth subsampling representation wherein a primary 
color component is present at each pixel and quadruple as many primary color components as each secondary 
color component are present. 

22. A sequence of subsampling representations of decreasing length for compressing a digital representation of an 
image, the digital representation comprising a two-dimensional array of pixels wherein a primary color component 
and secondary color components are associated with each pixel, the sequence comprising; 

a first subsampling representation wherein all color components are present at each pixel; 
a second subsampling representation wherein the primary color component and one secondary color compo- 
nent are present at each pixel; 

a third subsampling representation wherein a primary color component is present at each pixel and quadruple 
as many primary color components as each secondary color components are present; and 
a fourth subsampling representation wherein one color component is present at each pixel and twice as many 
primary components as secondary components are present. 

23. A context prediction method for forming probability tables for use in an entropy encoding process in compressing 
a digital representation of an image into a bitstream, the digital representation comprising a two-dimensional array 
of pixels wherein a primary color component and secondary color components are associated with each pixel, the 
context prediction method comprising: 

determining separate contexts for each color component, wherein for a primary color component, the context 
comprises a positional index and neighboring coefficients of primary color pixels, for a first secondary color 
component, the context comprises a positional index, coefficients of neighboring first secondary color com- 
ponents, and the coefficient of the primary color component of the same positional index, and for a second 
secondary color component, the context comprises a positional index, neighboring second secondary color 
coefficients, and the coefficients of the primary and first secondary color components of the same positional 
index. 

24. An apparatus comprising instructions for performing a method of compressing a digital representation of an image 
into a one-dimensional bitstream, the digital representation comprising a two-dimensional array of pixels wherein 
a primary color component and secondary color components are associated with each pixel, the method compris- 
ing: 

representing the image in a series of quality scales of progressively decreasing quality, wherein a higher quality 
scale comprises more data than a lower quality scale, and wherein lower quality scales are formed from higher 
quality scales by decreasing the number of stored color components or by decreasing the number of pixels; 
representing the image in terms of quality scales in terms of a base quality scale image and differential images 
wherein a differential image at a given quality scale is the difference between the image at the given quality 
scale and a representation of the image scaled up from a reconstructed representation at the adjacent lower 
quality scale, the reconstructed representation determined by a process comprising; 
transforming the image into a set of coefficients associated with known functions, 
quantizing the set of coefficients by dividing by quantization values and rounding to integer values, 
dequantizing the set of quantized coefficients by multiplying by the quantization values, and 
performing the inverse transform associated with the known functions to produce a reconstructed represen- 
tation; 

representing the base quality scale image and the differential images as integer values by a process comprising 
transforming to a set of coefficients associated with known functions and quantizing the set of coefficients by 
dividing by quantization values and rounding to integer values; and 

encodingtheintegervalues corresponding to the lowest quality scale representation and the differential images 
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by a lossless ordered statistics encoding process to produce a one-dimensional bitstream. 

25. The apparatus of Claim 24 wherein transforming to a set of coefficients associated with known functions is applying 
a transform defined recursively from a discrete cosine transform and a permutation function whereby the output 
elements of the transform are separated into a first portion and a second portion, the first portion containing lower 
scales of representation of input to the transform. 

26. The apparatus of Claim 25 wherein the transform is a discrete wavelet cosine transform. 

27. The apparatus of Claim 24 wherein the lossless ordered statistics encoding process comprises context prediction 
of quantized coefficients, ordering, and arithmetic encoding, wherein context prediction is performed separately 
for each color component, and wherein for the primary color component, the context comprises a positional index 
and neighboring coefficients of primary color pixels, for a first secondary color component, the context comprises 
a positional index, coefficients of neighboring first secondary color components, and the coefficient of the primary 
color component of the same positional index, and for a second secondary color component, the context comprises 
a positional index, neighboring second secondary color coefficients, and the coefficients of the primary and first 
secondary color components of the same positional index. 

28. The apparatus of Claim 27 wherein context prediction divides the quantized coefficients into groups, wherein a 
first group comprises the coefficient corresponding to a lowest positional index, a second group comprises a first 
row of coefficients excluding the first group coefficient, a third group comprises a first column of coefficients ex- 
cluding the first group coefficient, and a fourth group comprises the remaining coefficients, and wherein the context 
is different for each group. 

29. An apparatus comprising instructions for providing a compact representation of digital data for use in compressing 
a digital representation of an image into a one dimensional bitstream, the instructions comprising instructions for: 

transforming the data by a transform combining frequency transform features and multi-resolution transform 
features wherein the transform is defin ed recursively from a discrete cosine transform and a permutation func- 
tion whereby the output elements of the transform are separated into a first portion and a second portion, the 
first portion containing lower scales of representation of input to the transform; and 
storing the output elements on a digital storage medium. 

30. An apparatus comprising instructions for reconstructing a digital representation of an image compressed by the 
method of Claim 1 , the instructions comprising instructions for: 

recovering context prediction probability tables used in compression; 

decoding integer values corresponding to the base quality scale representation and the differential images; 
reverse ordering each decoded integer value to a two-dimensional position in an array of pixels; 
multiplying each decoded integer value corresponding to the base quality scale and the differential images by 
the quantization value; 

performing the inverse transform associated with the known functions to reconstruct the digital representation 
of the base quality scale and the differential images; 

upscaling the digital representation of an image at a lower quality scale to the next higher quality scale; and 
adding a differential image at a given quality scale to the upscaled image at the given quality scale to reconstruct 
the digital representation at the given quality scale. 

31 . The apparatus of Claim 30 wherein for the primary color component, the context used in context prediction tables 
comprises a positional index and neighboring coefficients of primary color pixels, for a first secondary color com- 
ponent, the context comprises a positional index, coefficients of neighboring first secondary color components, 
and the coefficient of the primary color component of the same positional index, and for a second secondary color 
component, the context comprises a positional index, neighboring second secondary color coefficients, and the 
coefficients of the primary and first secondary coior components of the same positional index. 

32. The apparatus of Claim 31 wherein context prediction tables are associated with quantized coefficients considered 
in groups, wherein a first group comprises the coefficient corresponding to a lowest positional index, a second 
group comprises a first row of coefficients excluding the first group coefficient, a third group comprises a first 
column of coefficients excluding the first group coefficient, and a fourth group comprises the remaining coefficients, 
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and wherein the context is different for each group. 

33. The apparatus of Claim 30 wherein the inverse transform associated with the known functions is the inverse of a 
transform combining frequency transform features and multi-resolution transform features. 

34. The apparatus of Claim 33 wherein the inverse transform is defined recursively from an inverse discrete cosine 
transform and a permutation function, and wherein the input elements of the inverse transform are separated into 
a first portion and a second portion, the first portion containing lower scales of representation of input to the trans- 
form. 

35. The apparatus of Claim 34 wherein the inverse transform is an inverse discrete wavelet transform. 
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